The delivery of signals from the activated T cell antigen receptor (TCR) inside the cell relies on the protein tyrosine kinase ZAP-70 (-associated protein of 70 kDa). A recent crystal structure of inactive full-length ZAP-70 suggests that a central interface formed by the docking of the two SH2 domains of ZAP-70 onto the kinase domain is crucial for suppressing catalytic activity. Here we validate the significance of this autoinhibitory interface for the regulation of ZAP-70 catalytic activity and the T cell response. For this purpose, we perform in vitro catalytic activity assays and binding experiments using ZAP-70 proteins purified from insect cells to examine activation of ZAP-70. Furthermore, we use cell lines stably expressing wild-type or mutant ZAP-70 to monitor proximal events in T cell signaling, including TCR-induced phosphorylation of ZAP-70 substrates, activation of the MAP kinase pathway, and intracellular Ca 2؉ levels. Taken together, our results directly correlate the stability of the autoinhibitory interface with the activation of these key events in the T cell response.
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activation ͉ catalytic activity ͉ conformation ͉ ITAM T he protein tyrosine kinase ZAP-70 (-associated protein of 70 kDa) (1) participates in the initial events of T cell antigen receptor (TCR) signaling and thus is of critical importance for the adaptive immune response (2) (3) (4) (5) . On activation of the TCR, 2 tyrosines in the immunoreceptor tyrosine-based activation motifs (ITAMs) of the CD3 or cytoplasmic tails of the TCR are phosphorylated by a Src family kinase member. Through the binding of 2 SH2 (Src homology 2) domains at the N terminus of ZAP-70 to these ITAM phosphotyrosines, ZAP-70 is then specifically recruited to a stimulated TCR. These 2 SH2 domains of ZAP-70 are tightly associated as a tandem unit with a precise structural organization that enables high-affinity ITAM peptide binding (6) . In the very closely related Syk (spleen tyrosine) kinase, the destabilization of this structural organization by mutation results in both uncoupling of the 2 SH2 units and a dramatic reduction in ITAM binding affinity (7) . Recruitment of ZAP-70 to the TCR results in activation of the catalytic domain located at the C terminus of ZAP-70 and signal propagation by phosphorylation of its downstream target molecules, including the ZAP-70 substrates LAT (linker for the activation of T cells) and SLP-76 (SH2 domain-containing leukocyte phosphoprotein of 76 kDa). Both LAT and SLP-76 are crucial adaptor proteins that, once phosphorylated, provide a platform for the assembly of signaling molecules (8, 9) . Ultimately, these signaling events produce effector secretory responses, modulate transcription, and trigger T cell proliferation and differentiation.
ZAP-70 plays critical roles in pre-TCR and TCR signaling, thymocyte development, and peripheral T cell function. The loss of ZAP-70 catalytic activity results in profound immunodeficiency, and reduced activity of ZAP-70 may result in autoimmunity (4, 10) . Furthermore, the expression of ZAP-70 in B cell chronic lymphocytic leukemia has been used as a prognostic marker (11) . That ZAP-70 is directly linked to these disease states shows the need for very tight regulation of ZAP-70 and suggests ZAP-70 as a therapeutic target for pharmacologic intervention. Thus, a detailed understanding at the molecular level of the regulation of catalytic activity of ZAP-70 is of considerable interest.
Several tyrosine phosphorylation sites in ZAP-70 have been identified that serve a role in its regulation (12) (13) (14) (15) (16) (17) (18) . Two of these tyrosine residues, Tyr-492 and Tyr-493 in human ZAP-70, are positioned in the activation loop of the catalytic domain, and their phosphorylation either by Lck (13, 15) or by ZAP-70 itself in trans (17) contributes to the activation of ZAP-70 by stabilizing the open and extended conformation of the activation loop. Two regulatory tyrosine residues of the SH2-kinase linker, Tyr-315 and Try319, are known to become phosphorylated (16, 17, 19) when ZAP-70 is recruited to the TCR and have been implicated in an autoinhibitory mechanism controlling the catalytic activity of ZAP-70 (12, 16, 17, (19) (20) (21) (22) .
We have recently reported the crystal structure of full-length autoinhibited human ZAP-70 (23) . In this structure, the 2 SH2 domains (''tandem SH2 domains'') of ZAP-70 are docked onto the kinase domain at the side opposed to the catalytic cleft, generating a central interface that we term the ''linker-kinase sandwich'' (Fig. 1) . The catalytic domain adopts an inactive conformation that is typical of the Src family protein tyrosine kinases (24) (25) (26) (27) and that was first described in the crystal structure of cyclin-dependent protein kinase 2 (Cdk2) (28) .
We were surprised to find that in the inactive full-length structure of ZAP-70, the kinase domain did not deviate significantly from the structure of the active, isolated kinase domain (29) in the regions involved in tandem SH2 docking. Instead, the structure of inactive ZAP-70 revealed an extensive network of hydrogen-bonding interactions that appear to rigidify the hinge region connecting the 2 lobes of the kinase domain (Fig. 1) . Because flexibility in this region seems to be crucial for catalysis and the adoption of the catalytically active conformation, increased hinge region rigidity appears to be the basis for inactivation of ZAP-70. The docking of the regulatory tandem SH2 unit onto the kinase domain and the formation of the linkerkinase sandwich stabilize this network of interactions and thus appear to maintain the autoinhibited state of the kinase.
So far we have relied on a heterologous cell-based catalytic activity assay (17) to confirm the role of the autoinhibitory 2 To whom correspondence should be addressed. E-mail: kuriyan@berkeley.edu or aweiss@medicine.ucsf.edu.
interface observed in the ZAP-70 crystal structure in suppressing catalytic activity. These initial studies with transient transfectants into human embryonic kidney (293) cells have allowed us to pinpoint an array of residues in the linker-kinase sandwich that are key to the autoinhibition of ZAP-70 in vivo (23) . However, because we were surprised by the lack of a more obvious mechanism of autoinhibition in ZAP-70 that involves an induced fit or a steric block, we decided to further validate the importance of the autoinhibitory linker-kinase sandwich interface in ZAP-70. We generated cell lines stably expressing wild-type or mutant forms of ZAP-70 and purified wild-type and mutant ZAP-70 protein from insect cells. We used in vitro catalytic activity measurements to confirm and more quantitatively characterize the impact on kinase activity of destabilizing the interface seen in the autoinhibited crystal structure. Moreover, we found that linker-kinase sandwich stability in ZAP-70 influences a range of signaling pathways of the T cell response, and conducted ITAM-binding experiments to corroborate a plausible model for the allosteric activation of ZAP-70 by binding to the TCR. Taken together, our results reveal that the autoinhibitory linker-kinase sandwich interface in ZAP-70 plays a key role in the T cell response.
Results and Discussion
In Vitro Catalytic Activity of ZAP-70 Is Increased When the LinkerKinase Sandwich Is Destabilized. To assess the role of the linkerkinase sandwich in autoinhibition in vitro, we measured the catalytic activity of ZAP-70 (30). In our assay, phosphorylation of the poly (Glu/Tyr) substrate peptide is coupled via the pyruvate kinase/lactate dehydrogenase enzyme pair to the oxidation of NADH, which can be monitored through the decrease in absorption at 340 nm. The expression of ZAP-70 bearing activating mutations in baculovirus-infected insect cells results in extremely low yields, making purification very difficult for many activated mutants; therefore, we chose to focus on a representative key interaction within the linker-kinase sandwich. We expressed and purified wild-type and a Trp-131 to Ala mutant ZAP-70 (W131A). In the crystal structure of full-length inactive ZAP-70, Trp-131 is located within the hydrophobic core of the linker-kinase sandwich ( Fig. 1) , and mutation of this residue to alanine is expected to destabilize the linker-kinase sandwich and docking of the tandem SH2 unit onto the kinase domain. In agreement with our previous cell-based experiments and consistent with an autoinhibitory role of the linker-kinase sandwich, mutation of Trp-131 to alanine increased in vitro catalytic activity by a factor of 3.5 Ϯ 0.30 with respect to the wild-type protein (Fig. 2 , solid black bars). When the tandem SH2 unit of wild-type ZAP-70 is complexed with a doubly phosphorylated peptide derived from the TCR 1 -chain (referred to as ITAM peptide), in vitro catalytic activity of wild-type ZAP-70 was augmented by a factor of 2.6 Ϯ 0.34 (Fig. 2) . Conversely, no significant increase in catalytic activity was achieved by adding ITAM peptide to ZAP-70 bearing the W131A mutation. It appears that destabilization of the linker-kinase sandwich through the replacement of Trp-131 by alanine maximally activates ZAP-70, so that ITAM peptide binding has no additional effect.
TCR-Induced Tyrosine Phosphorylation Is Increased on Destabilization
of the Autoinhibitory Interface. Our in vitro catalytic activity measurements, together with our previous cell-based studies, demonstrate a pivotal role for the autoinhibited conformation visualized in the crystal structure in the control of ZAP-70 catalytic activity but do not imply its physiological significance in TCR signaling. To examine the relevance of the autoinhibited structure, we used the ZAP-70-deficient P116 mutant of the immortalized T lymphocyte Jurkat cell line and generated clones stably expressing each of 6 different ZAP-70 constructs (Fig.  3A) . These include wild-type ZAP-70 and mutant forms of ZAP-70 with both regulatory tyrosines (Tyr-315 and Tyr-319) mutated to alanines (YYAA) or phenylalanines (YYFF), a catalytically inactive mutant (K369A), a W131A, and an A141E mutant. In the K369A mutant, a lysine residue within the kinase domain that is required for catalysis is absent. In other mutant forms of ZAP-70, the mutated residue is part of the inter-SH2 linker (Trp-131, Ala-141) or the SH2-kinase linker (Tyr-315, Tyr-319) and is positioned in the hydrophobic core of the linker-kinase sandwich (Fig. 1) . ZAP-70-dependent signal propagation on stimulation of the TCR induces tyrosine phosphorylation of multiple signaling proteins. To analyze the impact of linker-kinase sandwich stability in ZAP-70 on these events, we determined levels of tyrosine phosphorylation in unstimulated and TCR-stimulated P116 cells stably expressing the wild-type and mutant ZAP-70 proteins (Fig. 3 B and C) .
Anti-phosphotyrosine immunoblotting of whole-cell lysates (Fig.  3B) shows that in the presence of wild-type ZAP-70, TCR stimulation leads to increased levels of tyrosine phosphorylation on multiple proteins. Inducible tyrosine phosphorylation also was observed for cells stably expressing the YYAA mutant, but was greatly reduced in the case of the YYFF mutant. This is consistent with earlier studies (17) and the known negative regulatory function of these 2 tyrosine residues. Cells expressing W131A or A141E constructs exhibited an increased response to TCR signals, and in the case of the W131A mutant, tyrosine phosphorylation levels were increased even in the absence of a TCR stimulus. Thus, destabilization by mutation of the hydrophobic core of the linker-kinase sandwich in ZAP-70 is directly correlated with hyperresponsive tyrosine phosphorylation of downstream signaling proteins. Tyrosine phosphorylation levels for specific signaling molecules, including PLC␥1, pErk1/2, and SLP-76, determined using site-directed phosphospecific antibodies, were similarly increased as well (Fig. 3C) . In addition, TCR-induced phosphorylation of ZAP-70 itself, both in the activation loop (Tyr-493) and in the SH2-kinase linker (Tyr-319), was greatly increased for the W131A mutant and somewhat increased for the A141E mutant form of ZAP-70. In cells reconstituted with the catalytically inactive mutant, K369A, both Tyr-319 and Tyr-493 were constitutively hyperphosphorylated, possibly due to the lack of negative regulatory signaling pathways that depend on ZAP-70 catalytic activity (17) .
Time Course of MAP Kinase Pathway Activation. To temporally characterize how destabilization of the linker-kinase sandwich in ZAP-70 influences activation of the MAP kinase pathway, we stimulated the TCR on cells stably reconstituted with either wild-type ZAP-70 or the W131A mutant form of ZAP-70 over a 15-min period. The extent of TCR-induced phosphorylation of the MAP kinases Erk1 and Erk2 was determined at various time points by FACS analysis using a phosphospecific Erk1/2 antibody (Fig. 4A) . TCR-induced Erk phosphorylation was of higher amplitude and more sustained in cells reconstituted with ZAP-70 bearing the W131A mutation. Consistent with this, the dose-response curve depicting Erk phosphorylation induced by incubation with various dilutions of anti-TCR (Fig. 4B) shows that for TCR stimuli of varying strengths, activation of the MAP kinase pathway was more pronounced for the W131A mutant form of ZAP-70.
Intracellular Ca 2؉ Flux Is More Robust on Destabilization of the
Linker-Kinase Sandwich. Among the most proximal characteristic events following TCR stimulation is a rapid increase in the concentration of cytoplasmic Ca 2ϩ (31) . To gain insight into the role of the autoinhibited conformation of ZAP-70 in TCR signaling, we loaded cells stably reconstituted with wild-type or the W131A mutant of ZAP-70 with the Ca 2ϩ -sensitive dye Indo-1 and stimulated them with varying doses of anti-TCR V␤ monoclonal antibody. The intracellular Ca 2ϩ flux monitored over time was significantly more robust in cells that stably expressed the W131A mutant form of ZAP-70 as opposed to the wild-type protein (Fig. 5) .
Time Course of TCR-Induced Tyrosine Phosphorylation of Multiple
Signaling Molecules. To monitor the activation of several key molecules in the T cell response over time, we stimulated cells stably expressing wild-type or the W131A ZAP-70 mutant with anti-TCR for varying durations and measured total tyrosine phosphorylation (Fig. 6A) as well as the specific phosphorylation of several key molecules (Fig. 6B ) in whole-cell lysates. Compared with the wild-type ZAP-70 transfectants, cells stably reconstituted with the W131A mutant exhibited an earlier and more pronounced acquisition of tyrosine phosphorylation. This was noticeable for total tyrosine phosphorylation (Fig. 6A) and even more clearly visible when the specific phosphorylation of ZAP-70, PLC␥1, the MAP kinase Erk, and the ZAP-70 substrate LAT was monitored (Fig. 6B) .
ITAM Peptide-Binding Experiments. Our results underline the central role of the linker-kinase sandwich in the autoinhibition of ZAP-70 and a range of proximal events in the T cell response. How is this autoinhibitory interface in ZAP-70 destabilized for signal propagation when the TCR is activated? Mapping out the differences in the crystal structures of the isolated tandem SH2 domains of ZAP-70 bound to a doubly phosphorylated ITAM peptide (6) and the apo-SH2 domains in the autoinhibited conformation suggests that ITAM binding is incompatible with a docking of the tandem SH2 unit onto the catalytic domain of ZAP-70. Thus, ITAM engagement might dislodge the tandem SH2 module, including the inter-SH2 helices, from the kinase domain, and thereby activate the kinase by destabilizing the linker-kinase sandwich. To test this hypothesis, we investigated whether the binding of ZAP-70 to the TCR facilitates the release of the regulatory tandem SH2 unit from the catalytic domain of ZAP-70. We reasoned that mutations that, based on the crystal structure of inactive ZAP-70, destabilize the autoinhibitory tandem SH2 docking would be expected to potentiate ITAM binding affinity. Conversely, mutations stabilizing the autoinhibitory docking would be expected to render ITAM peptide binding energetically less favorable. To examine this hypothesis, we determined dissociation constants for the binding of the tandem SH2 unit of 3 different purified ZAP-70 proteins to a doubly phosphorylated ITAM peptide (Fig. 7) .
Purified wild-type human ZAP-70 protein was found to bind the ITAM peptide with relatively high affinity (K d ϭ 76.7 Ϯ 4.8 nM) (Fig. 7A) . The mutation of 2 regulatory tyrosines in the SH2-kinase linker, Tyr-315 and Tyr-319, to phenylalanines (YYFF) slightly reduced the ITAM peptide-binding affinity (K d ϭ 96.1 Ϯ 4.4 nM) (Fig. 7C) . These 2 tyrosine residues contribute to the hydrophobic packing within the linker-kinase sandwich (Fig. 1) , and it appears that stabilizing this interface antagonizes ITAM peptide binding to some degree. Conversely, the W131A displayed increased binding affinity for the ITAM peptide (K d ϭ 15.2 Ϯ 0.6 nM) (Fig. 7B) . In this mutant, the linker-kinase sandwich, which is crucial for maintaining autoinhibition by tandem SH2 unit docking onto the catalytic domain, is destabilized. Consequently, ITAM binding favors disengagement of the tandem SH2 unit from the kinase domain.
Conclusions
A crystal structure of full-length ZAP-70 has suggested a central role for the linker-kinase sandwich in maintaining tandem SH2 docking and autoinhibition of kinase activity. Previous cellbased studies and the in vitro data presented here demonstrate that acquisition of kinase activity is a consequence of a destabilized linker-kinase sandwich. A direct link between the stability of this autoinhibitory element and the activation of several pathways of the T cell response can be established. How is the linker-kinase sandwich disrupted and catalytic activity released when the TCR is triggered? Our in vitro catalytic activity assays demonstrate that ZAP-70 is activated when engaged by ITAM sequences. In addition, our binding experiments reveal that binding of ITAM peptides to the tandem SH2 module is energetically favored when its docking onto the catalytic domain is weakened because the linker-kinase sandwich is destabilized.
These results are consistent with an allosteric mechanism of activation for ZAP-70, in which specific recruitment of the kinase to the TCR increases the catalytic activity of ZAP-70 for onward signal propagation.
Materials and Methods
Cells, cDNA, and Antibodies. P116, a ZAP-70 -deficient Jurkat-derived T cell line, was obtained from R. Abraham (Burnham Institute). A Stratagene QuikChange site-directed mutagenesis kit and standard PCR techniques were used to prepare the ZAP-70 mutations (Y315/319F, Y315/319A, K369A, and W131A) in the expression plasmid pcDNA3 (Invitrogen). Anti-phosphotyrosine MAb 4G10 and mixed mAbs against PLC-␥1 were purchased from Upstate Biotechnology. Rabbit antisera to PLC-␥1 pY783, LAT-pY132, LATpY191, and SLP-76-pY145 were purchased from Biosource (Camarillo); that against SLP-76 was purchased from Santa Cruz Biotechnology; and those against ZAP-70-pY319, ZAP-70-pY493, and MAPK-p44/p42 were purchased from Cell Signaling Technology. Phycoerythrin-conjugated donkey antirabbit antibody was purchased from Jackson ImmunoResearch Laboratories . Monoclonal antibodies C305 (anti-Jurkat TCR V␤), 2F3.2 (anti-ZAP-70), and 6B10 (anti-TCR) have described previously (18) .
Transfections. Stably transfected cell lines were generated by electroporation transfection of wild-type or mutated ZAP-70 expression constructs into parental P116 cells. Clones were isolated by culture in limiting dilution in the presence of 2 mg/mL of Geneticin (Invitrogen).
Measurement of Cytoplasmic Free Calcium Changes. Cells were loaded with the fluorescent dye indicator Indo-1 AM (Molecular Probes) and 1 M probenicid, washed, and stimulated with anti-TCR mAb C305 (1:1,000 -1:8,000 dilution of ascites). Following excitation at 340 nm, fluorescence at 400 nm and 500 nm was measured with a Hitachi F-4500 fluorescence spectrophotometer, and the ratio of free/bound calcium ions was reported.
Intracellular Phospho-Erk Staining. Mutant and wild-type ZAP-70 reconstituted P116 cells were stimulated with anti-TCR mAb (C305 ascites) at specified antibody dilutions for specified durations at 37°C. Cells were fixed with prewarmed Cytofix (BD). After washing, cells were permeabilized with icecold 90% MeOH. The cells were then washed and stained with rabbit anti-Erk p44/42 (Cell Signaling), washed again, and stained with phycoerythrinconjugated anti-rabbit secondary antibody (Jackson ImmunoResearch Laboratories). Cells were analyzed by standard flow cytometry methods. Stimulations and Immunoblot Analysis. P116 stable lines (10 8 /mL PBS) were stimulated with anti-TCR mAb C305 (1:1,000 ascites, unless indicated otherwise) at 37°C for a specified duration, then immediately pelleted and lysed in ice-cold lysis buffer [20 mM Tris (pH 7.6), 150 mM NaCl, 1% Nonidet P-40, 0.01% NaN3, and a mixture of protease and phosphatase inhibitors]. Postnuclear supernantant was either used for immunoprecipitation with antibody prebound to Sepharose-protein A or -protein G beads (Amersham Biosciences) or diluted with 2ϫ SDS sample buffer containing 2-mercaptoethanol. Samples were analyzed by SDS/PAGE, and immunoblotting was performed using primary and HRP-conjugated secondary antibodies. Proteins were detected by chemiluminescence (Western Lightning Plus-ECL) using a Kodak Image Station.
Insect Cell Expression and Purification of ZAP-70 Mutants. DNA encoding full-length wild-type human ZAP-70 (residues 1-619) protein, referred to as ZAP-70 WT, followed by a Gly-Ser-Gly linker, a PreScission protease site, and a C-terminal 6-His tag, was cloned into pFastBac1 (Invitrogen) using the BamH I and EcoR I restriction sites. The W131A point mutation was introduced using the Stratagene Quik-Change site-directed mutagenesis kit. ZAP-70 protein was expressed in baculovirus-infected TriEx Sf9 cells and purified as described previously (23) . For activated ZAP-70, the final buffer from the gel filtration step was 20 mM Tris, 150 mM NaCl, 1 mM DTT, and 15% glycerol (pH 8.0). Inactive human ZAP-70 protein (residues 1-606, Asp-4613 Asn, Tyr-3153 Phe/ Tyr-3193 Phe), here referred to as ZAP-70 YYFF, was obtained as described previously (23) .
ITAM Peptide-Binding Experiments. Tetramethylrhodamine-5-iodoacetamide (5-TMRIA) was coupled to the N terminus of a doubly phosphorylated ITAM-1 peptide (CGNQLpYNELNLGRREEpY DVLD) via the thiol moiety of the short Cys-Gly linker. The coupling reaction was carried out for 24 h at room temperature with shaking in the dark, 5 mol peptide, and a slight molar excess of 5-TMRIA (8.8 mol) in 2 mL of 20 mM Tris (pH 8.0). The labeled peptide was purified by HPLC, and fluorescence anisotropy measurements were obtained using a Spex Jobin Yvon FluoroMax-3 fluorometer at 25°C. Binding curves were recorded by titrating kinase into 400 L of a 2 nM solution of fluorescently labeled ITAM-1 peptide in 20 mM Tris (pH 7.5), 150 mM NaCl, 1 mM DTT, and 10% (vol/vol) glycerol. The anisotropy of fluorescence was calculated from 3 measurements, and the average value was used. Dissociation constants were determined by performing nonlinear curve fitting of the fluorescence anisotropy data to the equation
where r is the fluorescence anisotropy, r0 represents an offset value, ␣ is a scaling factor, K d is the dissociation constant, [I]t represents the total ITAM-1 peptide concentration, and [K]t is the total concentration of titrated kinase.
In Vitro Catalytic Activity Measurements. Kinase activity was assayed using a continuous spectrophotometric method as described previously (30, 32) . Reactions contained 100 mM Tris (pH 7.5), 10 mM MgCl 2, 10 mM MnCl2, 150 mM NaCl, 2 M kinase, 1 mM phosphoenolpyruvate, 0.6 mg/mL of NADH, 75 U/mL of pyruvate kinase, 105 U/mL of lactate dehydrogenase, and 6.25 mg/mL of poly (Glu/Tyr) substrate peptide [Glu:Tyr (4:1), [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Reactions (75 L) were started by adding ATP at a final concentration of 0.5 mM, and the decrease in absorbance was monitored over 30 min at 30°C in a microtiter plate spectrophotometer (SpectraMax). Background activity was determined in experiments without the substrate peptide and subtracted from the activity obtained in kinase assays with the substrate peptide present.
